Aflatoxins (AFs) and sterigmatocystin (ST) (Fig. 1A) are mycotoxins produced by certain fungi of the genus Aspergillus (9) . While AFs are produced primarily by two species, Aspergillus flavus and Aspergillus parasiticus, ST is produced by numerous species (8, 17, 27, 29) . Both AF and ST are carcinogenic (1a, 24) and have been associated with human liver cancer (6, 46) . AF is activated to a 2,3-epoxide derivative by liver enzymes (56) and forms AF-DNA adducts often resulting in G3T transversions (2, 6, 46) . Recently, AF has been reported to cause such mutations in a tumor suppressor gene, p53, in human hepatocytes, and this change has been found in over half of the liver tumors examined in regions of the world where levels of aflatoxin contamination of foods are considered high (2) . Although ST is known to be less toxic than AF, in some cases it has been reported to cause higher levels of genotoxicity in liver samples (56) . These mycotoxins are known to contaminate various foods and feeds and to cause serious health and economic problems worldwide (33, 38, 47) .
AF and ST are secondary metabolites and are classified as polyketides because their carbon chains, assembled from simple acetate units, commonly exhibit keto groups at alternate carbons (23) . The biosynthesis of polyketides resembles that of fatty acids, although keto groups in the latter are most often reduced (32) . While many secondary metabolites can be used as pharmaceutical agents (34, 44) , there has been considerable effort to control production and reduce contamination by these mycotoxins. The biosynthetic pathway of AF in A. flavus and A. parasiticus has been studied extensively, and while the pathway outlined below is largely accepted, it is thought to be incomplete. The pathway is as follows: hexanoate starter unit (12, 64, 68) 3 initial polyketide precursor (octaketide) 3 norsolorinic acid (NOR) 3 averantin 3 averufanin 3 averufin 3 versiconal hemiacetal acetate 3 versicolorin B 3 versicolorin A 3 demethylsterigmatocystin 3 ST 3 O-methylsterigmatocystin 3 AFB 1 (8, 10, 22, 23, 69) . NOR is known to be the first stable intermediate (8) , and it is estimated that at least 16 additional enzyme-catalyzed steps are needed to complete the biosynthesis of AF from NOR (8, 10, 23) . The initial reactions leading up to the formation of NOR are thought to be catalyzed by a polyketide synthase (PKS). The predicted PKS enzymatic steps are shown in Fig. 1B . There is evidence that ST and AF are produced by similar pathways in Aspergillus species, at least up to the point of ST synthesis (8, 10, 36) .
Several enzymes (11, 35, 42) and four genes required for AF biosynthesis in A. flavus and A. parasiticus have been identified recently (15, 51, 57, 58, 71) . The genes were found to be linked within a 60-kb fragment, and some of them were found to be duplicated or triplicated in A. parasiticus (58) . One of the genes, termed aflR (previously called afl-2 [51] and apa-2 [15] ), is a regulatory gene and is hypothesized to be a transcriptional activator of all the pathway genes. The organization of the AF gene cluster in A. flavus is quite similar to that in A. parasiticus (15, 57, 58, 71) . In addition, the aflR homologs cloned from A. parasiticus and A. flavus are nearly identical (15) . The AF/ST pathway genes may also show high degrees of homology, as suggested by Keller et al. (36) , who recently cloned and analyzed an ST pathway gene, verA, from an A. nidulans genomic DNA library by using a hybridization probe containing ver-1, its genetic counterpart from A. parasiticus (36) .
In our study of these mycotoxins and their regulation in A. nidulans, we have focused on cloning and characterizing the gene for the first enzyme thought to act in ST/AF biosynthesis, a PKS. PKSs are generally one of two types: type I PKSs consist of very large multifunctional proteins, whereas type II PKSs consist of several monofunctional proteins (32, 34) . PKSs cat-alyze the biosynthesis of polyketides, which are a structurally diverse class of natural products that include antibiotics (18) , pigments (14, 19, 43) , and toxins (7) . Such polyketides are secondary metabolites that have been detected in bacteria (18, 21, 59) , fungi (7, 14, 43) , and plants (28) , and many of these compounds have found application in medicine, agriculture, and industry. The PKS for ST biosynthesis (PKS st ) has been hypothesized to have a number of catalytic domains: ␤-ketoacyl acyl carrier protein (ACP) synthase, acyltransferase, ACP, thioesterase, and ketoreductase (10, 23) . However, Brobst and Townsend (12) reported that hexanoic acid was the starter unit for AF synthesis and thus suggested the potential role of a fatty acyl coenzyme A (acyl-CoA) starter unit in the biosynthetic pathway. In that case, the ketoreductase activity is not necessary (8, 23) .
A set of deletion mutants lacking the ability to form ST and any ST intermediates were employed in hybridization analysis with complementary wild-type genomic DNA, and this analysis led to the detection of many transcripts that were developmentally expressed with ST production. A particularly large transcript, ca. 7.2 kb, that was similar in size to reported PKS transcripts (7) was detected; it was mapped and further characterized. In the present study we report the cloning, sequencing, and characterization of pksST, a gene encoding the PKS involved in ST biosynthesis. PKS st shows high-level similarity to the WA of A. nidulans, which is itself a PKS (43) . In addition, we present the active domains of PKS st and its alignment with other PKSs and FASs. We also show that PKS st possesses ␤-ketoacyl ACP synthase, acyltransferase, duplicated ACPs, and a thioesterase catalytic domain but lacks a ␤-ketoacyl ACP reductase domain. In contrast to known PKSs, for which each active site catalyzes a single enzymatic step (21) , PKS st has active sites that are multiply used to catalyze the formation of anthrone (Fig. 1B) . This type of PKS has not been reported, and thus we designate PKS st a novel type I PKS. This report shows, for the first time, that a type I PKS can determine the synthesis of an aromatic compound.
MATERIALS AND METHODS
Fungal strains and growth conditions. A. nidulans FGSC 26 (biA1 veA1) and A89 (biA1 argB2) were obtained from the Fungal Genetics Stock Center and maintained as 15% glycerol stocks at Ϫ35ЊC. They were grown on minimal media (MM) with supplements for conidium production. Strain A89 was tested for the production of ST in complete liquid medium (CM-liq [70] ).
ST production and detection. ST production by A. nidulans in shake culture was barely detectable. However, when mycelium was grown in still culture on the surface of CM-liq, high yields of ST were produced (ca. 5 g/ml). Two different inoculation methods were used. For screening of ST production in mutants and transformants, conidia were transferred from small colonies with sterile toothpicks dipped in CM-liq and inoculated onto the surface of 3 ml of CM-liq in 8-ml vials and onto MM plates with supplements for spore stock. Inoculation with the CM-liq-dipped toothpicks both standardized the inoculum (ca. 10 5 conidia) and greatly reduced the spread of conidia beyond the inoculation site. To confirm the level of ST production, two loopfuls of conidia (ca. 10 7 ) were inoculated onto the surface of 3 ml of CM-liq in 8-ml vials. The vials were slanted ca. 45Њ and incubated at 30ЊC. A mycelial layer was formed on the surface of the medium, and after the desired incubation time, 1 ml of chloroform was added to the culture vials and they were vortexed for 1 min and centrifuged for 20 s at 400 ϫ g. ST was detected by spotting 10 to 20 l of chloroform extract of each sample along with ca. 0.2 g of ST standard (Sigma) onto a precoated thin-layer chromatography (TLC) plate (Aldrich). The solvent system used consisted of toluene-ethyl acetate-glacial acetic acid (85:10:10 [vol/vol/vol]) and was run until the solvent front reached ca. 10 cm, where the R f value of ST was ca. 0.65. The plates were then dried, sprayed with 20% aluminum chloride in 95% ethanol, and baked at 80ЊC for 5 min. The color of ST is changed from red to bright green by this procedure (60) .
Mutagenesis and mutant screening. A difunctional alkylating agent, 1,2,7,8-diepoxyoctane (DEO; Sigma), was used as a mutagen under stringent conditions (49, 50) . Conidia of strain A89 were collected with 10 ml of sterile 0.1% Tween 80 in double-distilled water, washed twice with sterile double-distilled water, filtered through four layers of sterile Miracloth (Calbiochem), and centrifuged (600 ϫ g, 5 min). Conidia (5 ϫ 10 7 ) were then resuspended in 10 ml of 0.067 M sodium phosphate buffer (Na 2 HPO 4 , KH 2 PO 4 [pH 7.0]) with 100 mM DEO and incubated for 2 h at room temperature. The conidia were then collected by centrifugation (600 ϫ g, 5 min) and resuspended with 5 ml of 0.067 M sodium phosphate buffer, and approximately 2 ϫ 10 5 conidia were spread on each plate of MM supplemented with arginine and biotin. The conidia were incubated at 30ЊC for 3 days. The survival ratio was ca. 0.1% by this treatment. Approximately 100 color-accumulating colonies and ca. 200 non-color-accumulating colonies were screened randomly. Conidia from each colony were inoculated into 3 ml of CM-liq in 8-ml vials and onto MM plates with 0.1% deoxycholate and supplements for spore stock. Vials were incubated at 30ЊC for 6 days, 1 ml of chloroform was added to each vial, and the vials were vortexed for 1 min. Production of ST was analyzed by TLC using 10 to 20 l of the chloroform extract.
Libraries and plasmids. pLORIST2 and pWE15 cosmid libraries (13, 25) of A. nidulans genomic DNA were obtained from the Fungal Genetics Stock Center. Plasmid pDC1 (5) was obtained from the Fungal Genetics Stock Center. Plasmid pPK1 was a gift from T. Adams (Texas A&M University). Plasmid pNK10, a verA-encoding 6.6-kb HindIII clone (36), was a gift from N. Keller (Texas A&M University). The pksST disruption vector pJYP1 was constructed by ligation of a 2.1-kb EcoRI fragment (fragment d in Fig. 2A ) into pPK1.
Screening of the genomic DNA libraries. The pLORIST2 cosmid library was screened with an internal fragment of a nor-1 cDNA clone of A. flavus (kindly supplied by G. Payne [North Carolina State University]). To isolate flanking cosmids, both pLORIST2 and pWE15 libraries were hybridized with selected internal fragments of each cosmid (chromosome walking). All probes for Southern and Northern (RNA) analyses described in this report were labeled with In step 1, the acetyl group of the hexanoate starter is attached to PKS st via a thioester linkage. In step 2, the enzyme complex utilizes seven malonyl-CoAs as donors of acetate units with a concomitant loss of carbon dioxide for each condensation to form the hypothesized octaketide precursor (which might require thioesterase activity to terminate initial thioester linkage for chain elongation). In step 3, the carbon chain is stabilized by cyclization to an aromatic or heterocyclic ring (a DH activity might be required). In step 4, thioesterase activity might be required to release the intermediate (anthrone) from the enzyme complex. In step 5, NOR is formed by the oxidation of anthrone. by the random priming method (Prime-a-Gene; Promega). Hybridization was carried out with 32 P-labeled nor-1 cDNA at 60ЊC in 0.05ϫ BLOTTO-6ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate) hybridization buffer (52) for 48 h; the membranes were washed twice for 20 min in 3ϫ SSC-0.5% sodium dodecyl sulfate (SDS) at room temperature and then once for 20 min in the same solution at 58ЊC.
Nucleic acid isolation and gel blot. Approximately 1.0 g of mycelia on the surface of CM-liq from three vials was collected for nucleic acid purification. For small-scale genomic DNA isolation, two loopfuls of conidia were inoculated into 3 ml of CM-liq in vials and incubated for 1.5 days. Mycelium was then frozen with liquid N 2 and ground to fine powder with a mortar and pestle, and DNA was purified as described by Tang et al. (64) . Purified genomic DNAs (10 g per lane) were digested with appropriate restriction enzymes (Promega), electrophoresed in 0.75% agarose in TAE, denatured, neutralized, and transferred onto nylon membrane (MagnaGraph; 0.22-m pore size; MSI) as described previously (52) . For RNA isolation, 1-through 6-day-old mycelia from three vials for each time point (ca. 1.0 g for each sample) were collected, washed with 20 mM EDTA solution, squeezed with a paper towel to remove moisture, and ground to fine powder with liquid N 2 , and RNA was purified as described by Miller et al. (45) . Total RNA (10 g per lane) was electrophoresed on 1.0% agarose-0.66 M formaldehyde-100 ng of ethidium bromide per ml in 1ϫ MOPS (morpholinepropanesulfonic acid)-EDTA buffer (pH 7.0) until bromophenol blue migrated ca. 10 cm and transferred onto nylon membrane (MagnaGraph; 0.22-m pore size; MSI) without pretreatment. Hybridizations for genomic Southern and Northern analyses were carried out with modified Church (MC) buffer (16) (7.0% SDS, 1.0% casein, 1.0 mM EDTA, 0.25 M Na 2 HPO 4 ⅐ 7H 2 O [pH 7.4]) at 63ЊC. Membranes were prehybridized with 0.2 ml of buffer per cm 2 at 63ЊC for 1 to 2 h, approximately half of the modified Church buffer was discarded after prehybridization, and the denatured radiolabeled probe with a specific activity of 10 8 cpm/g of DNA was directly added to the buffer. Membranes were hybridized for 20 h at 63ЊC, washed twice with 2ϫ SSC-0.5% SDS for 20 min at room temperature and once with 0.1ϫ SSC-0.1% SDS for 20 min at 65ЊC, and exposed with Kodak X-Omat AR film.
Fungal transformation. To identify the function of a gene, freshly isolated protoplasts of A. nidulans A89 were transformed with pJYP1 as described by Miller et al. (45) . Transformants were selected by arginine prototrophy on MM with 0.6 M KCl and biotin.
Nucleotide sequencing and analysis of sequences. The restriction fragments ApaI, BamHI, BglII, ClaI, EcoRI, EcoRV, HindIII, PstI, SacI, SalI, SmaI, XbaI, and XhoI were subcloned into pBluescript and/or pUC vectors. All subclones were sequenced (53) in both directions by using Sequenase (USB) with 35 SdATP labeling, and six contigs were generated. Gaps and contigs were filled and connected by primers (DNagency) and by sequencing. Sequences were analyzed with the Genetics Computer Group software package (20) .
Preparation of illustrations. For Fig. 2, 3 , and 4, the original autoradiograms were scanned with a high-resolution scanner (1,200 dpi, 32 bit; Agfa Arcus Plus). Scans were adjusted in Adobe Photoshop 3.0. Line art was created in Adobe Illustrator 5.5, and composite plates were formatted in Quark Xpress 3.3. All electronic files were made on a Macintosh Quadra 800.
Nucleotide sequence accession number. The GenBank and EMBL accession number for the nucleotide sequence and the deduced peptide sequence of pksST is L39121.
RESULTS

Isolation of non-ST-producing mutants.
Subsequent to mutagenesis with DEO, survivors were analyzed by TLC for ST production. Approximately 100 color-accumulating and 200 randomly chosen non-color-accumulating colonies were tested. Only three of the color-accumulating mutants proved to be ST Characterization of mutants. To characterize these ST mutants, an internal fragment of a nor-1 cDNA from A. flavus was used to screen an A. nidulans cosmid library. A nor-1 hybridizing cosmid (pL11C09) was identified, and the hybridized region was localized within a 12.6-kb EcoRI fragment and a 5.6-kb KpnI fragment. pL11C09 was an A. nidulans chromosome IV-specific clone and overlapped by ca. 2.5 kb with a verA-containing cosmid, pL24B03, previously identified by Keller et al. (36) . Northern analyses with the 5.6-kb KpnI fragment showed hybridization with three different transcripts that were developmentally expressed with ST production. By contrast, the two ST mutants did not express any of the three transcripts, suggesting that either the genes responsible for these transcripts were deleted or a pathway gene activator was mutated. To examine the extents of the deletions in these mutants, genomic DNA of LY3-4 and LY3-22 was hybridized with the entire pL11C09 cosmid; no hybridization occurred, indicating that the entire region of cosmid pL11C09 was deleted in these mutants (data not shown). The deletion borders were identified by chromosome walking using genomic DNA hybridization. Flanking cosmids were isolated by screening cosmid libraries with each end of the DNA cloned in pL11C09. The localization of cosmids and the determination of one end of the deletion are shown in Fig. 2A . The other end of the deletion was localized in the middle of the verA gene, thus indicating a ca. 55-kb deletion. Since the two mutants proved to be similar, only LY3-4 was used for further analysis.
Identification of a 7.2-kb transcript coding region and flanking transcript. Transcript mapping was carried out to define the extents of developmentally expressed transcripts (data not shown). At the opposite end of verA, a 7.2-kb transcript which showed an ST developmental expression pattern was detected. The transcript was detectable between 2.5 and 4 days after inoculation (Fig. 2B, panels b to f) . ST was detectable beginning at 4 days after inoculation. Because of the unusually large size of this transcript, we speculated that it might encode PKS st . To identify this gene, we employed two different approaches: functional inactivation and internal fragment sequencing. To define the coding region of the 7.2-kb transcript, each restriction fragment (Fig. 2 ) was radiolabeled and hybridized with RNA isolated from variously aged mycelia; the results are shown in Fig. 2B (panels a to f) . The probable coding region of the internal fragments (d and e in Fig. 2A ) was sequenced to search for similarity with other proteins. Highlevel sequence similarity to the wA gene of A. nidulans, a PKS gene, and to various PKSs of Streptomyces spp. was found. A 1.9-kb transcript (Fig. 2B, panel g ), which also was expressed developmentally with ST, was mapped adjacent to PKS st . The peptide of this gene predicted by sequence analysis showed high-level similarity to a cytochrome P-450 monooxygenase (pisatin demethylase [41] ). Functional inactivation results and detailed sequence information for this gene will be published elsewhere.
Functional inactivation of pksST blocked the production of ST. To confirm the function of PKS st , the internal coding region (fragment d in Fig. 2A ) was subcloned into pPK1 and transformed into strain A89. Approximately 120 argB ϩ transformants were screened, and 10 did not produce ST or any ST intermediates. Selected transformants (JYP1-13, -14, -15, and -21) were further analyzed by genomic Southern hybridization to confirm that the blocked ST production was caused by inactivation of pksST by integration of pJYP1. As shown in Fig.  3A , integration of pJYP1 caused a restriction pattern change with BamHI and KpnI. When a 2.1-kb EcoRI fragment was used as a probe (fragment d in Fig. 2A ; shown as black bars above the maps in Fig. 3A) for genomic DNA hybridization, it hybridized with the 4.2-and 2.1-kb BamHI fragments and the 5.0-kb KpnI fragment of the wild type. However, in disruptants JYP1-13, -14, and -21, as expected, the 4.5-, 4.2-, 2.1-, and 1.9-kb BamHI fragments and the 3.7-and 7.6-kb KpnI fragments were hybridized with a probe. The hybridization pattern with KpnI digestion is shown in Fig. 3B . Transformant JYP1-15 showed multiple integration of plasmid clones. JYP1-33, which was argB ϩ but produced ST, showed a wild-type pksST hybridization pattern, suggesting that pJYP1 was integrated into a site other than pksST. We did not look for argB site recombinant transformants. Results of TLC analyses of the wild type (A89), JYP1-13, JYP1-14, and LY3-4 are shown in Fig. 3C . A spot below ST shown for JYP1-13 and -14 and LY3-4 was not identified.
Disruption of pksST did not affect transcriptional expression of other pathway genes. Transcription of pksST, norA (unpublished data), verA (36) , and verB (1) in JYP1-13 was analyzed by Northern hybridization. A 5.6-kb norA-containing KpnI fragment encodes two additional developmentally expressed transcripts, stcX (a transcription factor [unpublished data]) and anaflR (a transcriptional activator [72] ). As shown in Fig. 4A , JYP1-13 did not make an intact pksST transcript. Other pathway genes, however, were expressed as in the wildtype strain (Fig. 4B and C) . The norA and verA genes are known to be involved in the conversion of NOR to averantin and the conversion of versicolorin A to ST, respectively. To elucidate whether the lack of a substrate and/or a final product affected the levels of transcription of pathway genes in JYP1-13, RNA from days 1 to 5 was analyzed by Northern hybridization. Since no significant differences were seen (data not shown), apparently the lack of a substrate and/or a final product caused by pksST disruption did not affect other ST pathway genes at the transcriptional level.
pksST encodes a 2,181-aa polypeptide which shows high levels of similarity to known PKSs and FASs. An approximately 10-kb area spanning the pksST transcript coding region was sequenced and analyzed. The deduced peptide sequence was matched with open reading frames (ORFs) of the wA gene of A. nidulans (43) . The wA PKS is responsible for a yellow spore pigment which is converted to a green pigment by a laccase encoded by the yA gene (48) . The deduced peptide sequence of PKS st showed two clear gaps and interruptions by stop codons with a given reading frame when compared with the ORFs of wA. The stop codons within the intervening sequences (IVSs) (IVS I and IVS II in Fig. 5 ) were deemed unlikely to be real on the basis of the size of the transcript. In addition, GT/AG intron sequences were found within the gap borders. The deduced peptide sequence of 2,181 amino acids (aa) (Fig. 5 ) thus was generated with the exclusion of the two IVSs, and it revealed the conserved amino acid sequences for enzyme active sites (underlined) (Fig. 6 ). As shown in Fig. 6 , PKS st showed very high levels of similarity to the wA ORF of A. nidulans and the highly conserved ␤-ketoacyl ACP synthase region of 6-methylsalicylic acid synthase of Penicillium patulum (7), erythronolide PKSs of Saccharopolyspora erythraea (modules 1 and 2 are shown) (21) , and rat FAS (3), as well as the thioesterase region of rat FAS.
Active sites of PKS st were aligned with those of other known PKSs or FASs. As shown in Fig. 7 , PKS st has highly conserved enzymatically active domains for ␤-ketoacyl ACP synthase, acyltransferase, duplicated ACPs, and thioesterase domains. The region near the C terminus of PKS st showed similarity to ␦-(L-␣-aminoadipyl)-L-cysteinyl-D-valine (ACV) synthases, and especially to thioesterase domains (4, 26, 62) . From this alignment it can be seen that PKS st has a thioesterase active site which could release the polyketide intermediate from the enzyme complex (Fig. 1B) .
DISCUSSION
ST is a carcinogenic mycotoxin made by various filamentous fungi (9, 17, 33, 47) , including A. nidulans (27) . Although ST is considered less toxic than AF, it has been shown to have parallel effects (6) and in some cases has been proven to be even more genotoxic to human cells (56) . Controlling contamination by these mycotoxins has long been an unresolved problem. The difficulty is related to the ubiquitous distribution of the aspergillus fungi and their prolific spore (conidium) production. While no method for preventing contamination of foods by these fungi and their mycotoxins is presently available, there is the possibility that an understanding of the mycotoxin biosynthetic pathway and its regulation will suggest novel approaches for their control. In this regard molecular analysis of ST production in A. nidulans offers many advan- Fig. 2A (A) , a 5.6-kb nor-containing KpnI fragment (B), and a 4.2-kb HindIII-EcoRI fragment from pNK10 (verA and verB clone [36] ).
tages, such as well-established chromosome maps, a plethora of characterized mutants, well-developed gene manipulation procedures, and an efficient genetic transformation system (45, 66) .
The genome of A. nidulans (2.6 ϫ 10 7 bp) contains only 3% repetitive DNA, most of which codes for rRNA and tRNA precursors (65) . Thus, the use of the mutagen DEO, which causes mostly large deletions, provided an excellent approach to identifying nonessential genes such as those associated with secondary metabolism, e.g., those associated with mycotoxin production. Since most of the survivors necessarily carry mutations in nonessential genes, the chance for recovering mycotoxin mutants should be greatly enhanced. The 55-kb deletion mutant (loss of ca. 0.23% of the genome) analyzed in this study survived without the entire ST biosynthetic pathway and without any apparent effect. A similar multigene loss, that associated with the SpoC1 gene cluster, also occurred without viability effects (5) . Apparently such gene clusters are associated with luxury functions that can be discarded without ill effects.
There are other examples of clustered genes for secondary metabolism in bacteria (18, 21) and in fungi (31, 37, 59 ). In our recent work, a large cluster of 25 transcripts was found to be developmentally expressed with ST production (data not shown), including the previously reported verA and its flanking genes (36) . Among the transcripts in the ST cluster region, we identified the pksST gene that encodes a PKS involved in ST biosynthesis. The results set forth in the present report show that the predicted polypeptide product of the pksST gene is (43) , the product of the wA gene in A. nidulans, which showed a strong alignment with the deduced PKS st peptide sequence from the N-terminal region to the C-terminal region, with ca. 65% similarity and 42% identity. PKS st has four distinctive conserved domains: ␤-ketoacyl ACP synthase, acyltransferase, ACP, and thioesterase. The thioesterase is thought to release the product from the enzyme complex (62) . Comparison of PKS st with various DHs did not produce clear matching sequences. Although PKS st did not show consistent similarity to known DH domains, the possible presence of a DH function cannot be excluded because of the lack of conservation of the amino acid sequence. Apparently both PKS st and WA (43) lack the ␤-ketoacyl ACP reductase domain.
The KS-acyltransferase-ACP-ACP-thioesterase active sites in PKS st must be repeatedly used to produce anthrone (the predicted cyclized intermediate released from PKS st [ Fig. 1B] ). This kind of type I PKS has not been reported. This report shows the involvement of a type I PKS in the synthesis of ST and, for the first time, that a type I PKS can determine the synthesis of an aromatic compound. Hence, we designate PKS st a novel type I PKS. ␤-Ketoacyl ACP reductase activity is required up to the hexanoate level (8, 23, 67) when acetyl-CoA is used as the starter unit for chain elongation; on the other hand, if hexanoate is used as the starter unit, then ␤-ketoacyl ACP reductase activity is not necessary to form the hypothesized octaketide precursor (Fig. 1B) (8, 23) . This is consistent with the lack of a ␤-ketoacyl ACP reductase domain in PKS st . Brobst and Townsend (12) suggested that in AF biosynthesis a specialized FAS-like gene(s) generates the hexanoate starter unit, which is then used by PKS af in the AF pathway. Genes similar to the ␣ and ␤ subunits of FAS in the A. parasiticus AF gene cluster (38a) and in the A. nidulans ST gene cluster (1) have been identified. Disruption of the FAS-like genes blocked the production of ST in A. nidulans (unpublished results) and that of AF in A. parasiticus (38a), indicating that FAS-like genes are likely to be required for generation of the hexanoate starter unit in these PKSs (Fig. 1B) . These specialized FASs may work with PKS st as a large PKS-FAS complex and may be involved in formation of the aromatic ring by a DH activity. Molecular analysis of the specialized FASs has not been reported in the literature.
PKS st has tandemly duplicated ACPs. A few PKSs with duplicated ACPs have been reported: WA for yellow spore color formation in A. nidulans (the polyketide product is not known [43] ), the PKS1 product for melanin biosynthesis in Colletotrichum lagenarium (63) , and the pksX product in Bacillus subtilis (the corresponding polyketide is unknown [54] ). While the significance of the duplicated ACPs in PKS st is not clear, the following explanation can be entertained. In order to prime the synthesis of the octaketide and participate directly in a condensation reaction with a malonate extender, the hexanoate starter unit must be attached to the SH group of a cysteine in the active site of the KS (Fig. 1B, step 1) . Although thioesterase can be involved in removing the starter unit from the specialized FAS, it is not likely to act as a transferase. Therefore, an enzymatic process which activates the starter unit and transfers it to the PKS st seems to be required. PKS st has the two ACP domains back-to-back. It is possible that one ACP serves to attach the starter to the KS and the other is used for the malonate extender. However, the pksL gene associated with AF biosynthesis recently cloned in A. parasiticus has only one ACP (23a), and the fatty acyl-CoA starter unit is thought to be involved (38a). Furthermore, although PKS1 in C. lagenarium has two ACP domains, the starter unit of PKS1 is known to be an acetate when no specialized FAS is involved (63) . Thus, the significance of the duplicated ACPs remains to be explained.
In contrast to 6-MSAS (7), PKS st has a thioesterase enzymatic domain. The similarity of the thioesterase domains of PKS st , ACV synthases, and FASs is greater in the region around the consensus motif G-X-S-X-G found in several serine active-site esterases (26) . It is not clear where and when the thioesterase catalyzes the reaction; there are two possibilities: (i) the thioesterase is necessary to terminate the thioester linkage between the starter unit and PKS st and to accept malonyl-CoAs for chain elongation (step 2 in Fig. 1B) , or (ii) the thioesterase releases the intermediate product through the cyclization of an open ring to form anthrone (step 3 in Fig. 1B) .
How PKS and FAS-like proteins coordinate their activities is not clear. Whether they form a huge protein complex or catalyze reactions as separate proteins remains to determined. Recently, Shen and Hutchinson (55) synthesized a bacterial polyketide with partially purified enzymes. With the characterization of PKS st in the present study, similar kinds of experiments become possible and may be employed to elucidate the early pathway intermediates involved in ST biosynthesis.
